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We reveal the cooperative effect of coherent and dissipative magnon-photon couplings in an open
cavity magnonic system, which leads to nonreciprocity with a considerably large isolation ratio and
flexible controllability. Furthermore, we discover unidirectional invisibility for microwave propaga-
tion, which appears at the zero-damping condition for hybrid magnon-photon modes. A simple
model is developed to capture the generic physics of the interference between coherent and dissi-
pative couplings, which accurately reproduces the observations over a broad range of parameters.
This general scheme could inspire methods to achieve nonreciprocity in other systems.
Introduction.- Reciprocity is ubiquitous in nature, but
sensitive signal detection and processing, especially in the
delicate quantum regime [1], requires nonreciprocal op-
erations. The case of the greatest interest is electromag-
netic nonreciprocity [2] which focuses on the nonrecip-
rocal propagation of electromagnetic fields ranging from
microwave [3–6], terahertz [7], optical [8–12] to X-ray fre-
quencies [13]. In addition, acoustic [14, 15] and phononic
[16, 17] nonreciprocities have been reported and have
their own applications. Nonreciprocity may be achieved
using different mechanisms, such as Faraday rotation [18–
22], optomechanical interactions [4, 5, 8, 12], reser-
voir engineering [11, 23], and parametric time modula-
tion [9, 24]. However, in practice, achieving large nonre-
ciprocity with flexible controllability remains a demand-
ing issue, especially in the linear response regime [2, 25].
Recently, cavity magnonics has attracted a lot of at-
tention [26–33]. Such hybrid systems show great ap-
plication prospects in quantum information processing,
acting either as a quantum transducer [34–40] or quan-
tum memory [41]. A versatile magnon-based quan-
tum information processing platform has taken shape
[42]. However, in conventional cavity magnonics sys-
tems governed by coherent magnon-photon coupling,
nonreciprocity is missing [43]. Last year, an intrigu-
ing dissipative magnon-photon coupling was discovered
[44, 45], which has quickly been verified as ubiquitous
[46–52]. Microscopically, dissipative coupling results
from the traveling-wave-induced [51] cooperative exter-
nal coupling [23, 52, 53]. The interference of coherent
and dissipative magnon-photon couplings makes it pos-
sible to break time-reversal symmetry, which we demon-
strate in this letter. Furthermore, we show that such a
unique scheme of nonreciprocity has flexible controllabil-
ity, which enables high isolation ratio accompanied by
low insertion loss. Our results provide a priori reference
for exploring nonreciprocity at different frequencies based
on the interference of coherent and dissipative couplings
in other systems.
System and model.-The experimental setup is schemat-
ically shown in Fig. 1(a), where a yttrium iron garnet
(YIG) sphere (1-mm diameter) is placed close to a cross-
line microwave circuit. The circuit is designed to sup-
port both standing and traveling waves [54], forming an
open cavity where the external coupling is much larger
than the intrinsic damping rate, and it may even be-
come comparable to the cavity eigenfrequency. The YIG
sphere is glued on the end of a displacement cantilever,
enabling 3D-position control. A magnetic field of a few
hundred millitesla is applied perpendicular to the cavity
plane, controlling the magnon mode frequency ωm. The
cavity mode at the frequency ωc contributes to the co-
herent magnon-photon coupling (with the coupling rate
J). The traveling wave causes the dissipation of magnons
through radiation damping to the environment [51], in-
ducing an effective dissipative coupling (with the rate Γ)
between the cavity and the magnon modes [23, 52, 54].
In our setup, both J and Γ can be drastically changed
when moving the YIG sphere. Furthermore, according
to Ampe´re’s law, the phase of the rf field of the travel-
ing wave at the YIG position differs by pi by reversing
the propagation direction. Hence, the relative phase Θ
between the coherent and dissipative couplings differs by
pi for microwave signals loaded from port 1 and port 2.
As we will show below, these ingredients, i.e., the coop-
eration of coherent and dissipative couplings, and their
direction-dependent relative phase, govern the physics for
the new scheme of nonreciprocity.
To describe such an open cavity magnonic system, we
construct the following non-Hermitian Hamiltonian that
takes into account the loading configurations [54]:
Hˆ/~ =ω˜caˆ†aˆ+ ω˜mbˆ†bˆ+ (J − iΓeiΘ)(aˆ†bˆ+ bˆaˆ†). (1)
Here, ω˜c = ωc−iβ, ω˜m = ωm−iα, aˆ(aˆ†) and bˆ(bˆ†) are the
photon and magnon annihilation (creation) operators, re-
spectively, and α and β are the intrinsic damping rates
of the magnon and cavity modes, respectively. Without
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FIG. 1. (color online). (a) Schematic diagram of the exper-
imental setup. The cross-line cavity supports both standing
cavity modes and traveling waves. A YIG sphere is glued
on the end of a displacement cantilever. The cantilever can
be adjusted in 3D space precisely. The spectroscopy is mea-
sured with a vector network analyzer through port 1 and
2. (b)(c) Schematic diagram showing magnon-photon cou-
pling and nonreciprocal microwave transmission at the zero-
damping conditions (ZDCs).
losing generality, we choose Θ = 0 and pi for microwaves
loaded from port 1 and 2, respectively.
The eigenvalues of Eq. (1), ω˜± =
[
ω˜c + ω˜m ±√
(ω˜c − ω˜m)2 + 4(J − ieiΘΓ)2
]
/2, correspond to two hy-
bridized modes that have intriguing properties. In par-
ticular, their intrinsic damping rate Im(ω˜±) may go to
zero, which we define as the zero-damping condition
(ZDC) [54]. For example, when J = Γ > α, β, and
for Θ = 0, ZDCs appear when ωm = ωc − 2JΓ/α and
ωm ≈ ωc + 2JΓ/β. For Θ = pi, the ZDCs appear when
ωm = ωc +2JΓ/α and ωm ≈ ωc−2JΓ/β. Peculiar trans-
mission properties emerge at ZDCs, which we discover
by calculating the transmission coefficient of the system
using input-output theory [1, 54],
S21(12) = 1 +
κ
i(ω − ωc)− (κ+ β) + −[iJ+Γe
iΘ1(2) ]2
i(ω−ωm)−(α+γ)
.(2)
Here, Θ1=0, Θ2=pi, and κ and γ are the external damp-
ing rates [54] of the cavity and magnon modes, respec-
tively.
Noticeably, a term of −2iJΓeiΘ1(2) arises in Eq. (2) due
to the interference of coherent and dissipative couplings.
This term produces nonreciprocity. Most remarkably, we
find that [54] for ZDCs at ωm = ωc ± 2JΓ/α:
|S21(ω−)| = |S12(ω+)| = 0, (3a)
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FIG. 2. (color online). Mapping of (a) |S21| and (b) |S12|
spectra measured when J/2pi = Γ/2pi =7.9 MHz as a func-
tion of ∆c and ∆m. Blue and magenta arrows mark the bias
fields at which the spectra plotted in (e)-(h) are measured.
The black dashed lines are the calculated dispersion curves.
(c)(d) Green circles are extracted intrinsic damping rates of
the hybridized modes as a function of ∆m. The black solid
lines are the calculated imaginary part of the eigenvalues. The
zero-damping conditions are marked by arrows. (e) S21 and
(f) S12 spectra measured at the field marked by the blue ar-
row. (g) S21 and (h) S12 spectra measured at the field marked
by the magenta arrow. Thin curves in (e)-(h) are calculated
from Eq. (2).
|S12(ω−)| = |S21(ω+)| > 0, (3b)
where ω± = Re(ω˜±) are the frequencies of the hybridized
modes, and S21(12) is in linear scale. Similar symmetry
applies for the other pair of ZDCs at ωm ≈ ωc ± 2JΓ/β.
Eq. (3a) predicts unidirectional invisibility of microwave
propagation at ZDCs through the open cavity magnonic
system. Together with Eq. (3b), it implies a nonreciproc-
ity that is mirror symmetric with respect to the cavity
mode frequency. We highlight such striking effects in
Figs. 1(b) and (c). In the following, we experimentally
verify them.
Experimental results.-First, we present results mea-
sured by placing the YIG sphere at the position with a
balanced coupling (J = Γ). We focus on the cavity mode
3ωc/2pi = 4.724 GHz. Figs. 2(a) and (b) show respectively
the mapping of |S21(ω)| and |S12(ω)|, which are plotted
as a function of the frequency detuning (∆c = ω−ωc) and
field detuning (∆m = ωm − ωc). The intrinsic damping
rates of two hybridized modes are fitted from |S21(ω)| and
|S12(ω)| spectra, and plotted as green circles in Figs. 2(c)
and (d), respectively. Theoretical eigenvalues, calculated
from Eq. (1) using J/2pi = Γ/2pi = 7.9 MHz, α/2pi =
1.1 MHz and β/2pi = 15 MHz, are plotted for compari-
son [54]. The real part eigenvalues Re(ω˜±), plotted as the
black dashed lines in Figs. 2(a) and (b), agree well with
the measured dispersion. The imaginary part eigenval-
ues |Im(ω˜±)|, plotted as black solid curves in Figs. 2(c)
and (d), agree well with the measured damping rates.
Two pairs of ZDCs predicted by Eq. (1) are observed, as
marked by the arrows in Figs. 2(c) and (d).
Unidirectional invisibility is also confirmed. Choos-
ing the side ZDC marked by the blue arrow as an ex-
ample, Figs. 2(e) and (f) show the measured |S21(ω)|
and |S12(ω)| spectra, respectively. An ultrasharp dip in
|S21(ω)| is observed at ω = ω− = 4.615 GHz. The cal-
culated result using κ/2pi = 880 MHz and γ/2pi = 0.071
MHz, based on fitting Eq. (2) to the measured spectrum
[54], is plotted as the thin curves for comparison. These
spectra show that microwave transmission from port 1 to
port 2 is completely blocked at this frequency. Similarly,
unidirectional invisibility is found at ω = ω+ = 4.833
GHz, as shown by the |S21(ω)| and |S12(ω)| spectra plot-
ted in Figs. 2(g) and (h), respectively, which are taken
at the ZDC marked by the magenta arrow. Together,
as highlighted in Figs. 1(b) and (c), results of Figs. 2(e)
- (h) verify the mirror symmetric nonreciprocity that is
summarized by Eq. (3).
Next, we study the nonreciprocity with different com-
binations of coherent and dissipative coupling rates. The
difference between the forward (S21) and backward (S12)
transmission amplitudes is extracted in dB scale (defined
as 20∗log10|S21/S12|), and we take its absolute value as
the isolation ratio (Iso.). For the situation of J/2pi =
Γ/2pi = 7.9 MHz discussed in Fig. 2, the measured isola-
tion ratio as a function of the working frequency ω and
the field detuning ∆m is plotted in Fig. 3(a). Four peaks
appear at the two pairs of ZDCs, which we classify as
central isolation peaks (2, 3) and side isolation peaks
(1, 4). Away from the ZDCs the isolation ratio gradu-
ally decreases following the dispersion of the hybridized
modes. The theoretical calculation shown in Fig. 3(b) is
in good agreement with the experimental result. Here, at
balanced coupling, the dispersion plotted in solid curves
indicates that the magnon and photon modes are simply
crossing. This is consistent with our previous study [44].
Changing the position of the YIG sphere to adjust the
coupling strengths, we find that the competition between
coherent and dissipative couplings shapes the appearance
of the isolation ratio. When J < Γ, the pattern of the iso-
lation ratio reveals level attraction as shown in Fig. 3(c).
Exp.
J>Γ
Exp.
J<Γ
Exp.
J=Γ
Cal.
J/2pi=7.9 MHz
Γ/2pi=7.9 MHz
Cal.
J/2pi=5.5 MHz
Γ/2pi=30.5 MHz
Cal.
J/2pi=15.5 MHz
Γ/2pi=7.0 MHz
(c) (d)
(e) (f)
(b)(a)
1 2
3
4
FIG. 3. (color online). (a)(c)(e) Measured isolation ratio as
a function of the working frequency ω and the field detuning
∆m. (a) J = Γ, (b) J < Γ, and (c) J > Γ. Four isolation
peaks are labeled in (a). The blue solid curves are the disper-
sion of the coupled magnon-photon modes. (b)(d)(f) Calcu-
lated isolation ratio with different coupling strengths.
In the J > Γ case, it shows level repulsion [Fig. 3(e)]. In
both cases, the calculated results shown in Figs. 3(d) and
(f) agree well with the measured data. The small isola-
tion peak above 4.8 GHz in Fig. 3(c) and (e) is attributed
to the effect of coupling between the cavity mode and a
higher-order magnetostatic mode [42, 43], which we ig-
nore in the calculation.
Apparently, this scheme of isolation is fundamentally
different from conventional nonreciprocal response uti-
lizing either Faraday rotation or ferromagnetic resonance
[18–22], where large ferrites and complex port design (in-
volving resistive sheets, quarter-wave plates, etc.) are
needed, making it bulky for integration. In our case, the
YIG sphere is only 1-mm in diameter. The isolation is the
result of a synergetic contribution of the cavity mode, the
magnon mode, and the interference between their coher-
ent and dissipative interactions. The distinction is most
clearly seen from the fact that the nonreciprocity disap-
pears when either J = 0 or Γ = 0 [54].
Such unique nonreciprocal dynamics enable flexible
controllability. In addition to the detuning that we have
shown, the coupled system has a series of other control
parameters. Taking a working frequency of ω/2pi = 4.620
GHz as an example, Fig. 4(a) shows the isolation ratio
near the side peak as a function of intrinsic damping
rates α and β, which is calculated by fixing the coupling
strengths J/2pi = Γ/2pi = 7.9 MHz. The black and red
dashed lines are the contour lines of 20 dB and 30 dB of
4Iso. (dB) Iso. (dB)
20 dB
30 dB
20 dB
30 dB
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FIG. 4. (color online). Isolation ratio near the side isolation
peak plot as a function of (a) the intrinsic mode damping
rates α and β, and (b) the coupling strengths J and Γ. The
black and red dashed lines are the contour lines of 20 dB and
30 dB isolation ratio, respectively. (c) Isolation ratio as a
function of the external damping rates κ and γ. The green
dashed line is the contour line of the isolation ratio equal to
20 dB. (d) Insertion loss as a function of κ and γ. The red
dashed line is the contour line of the insertion loss equal to
-4 dB. (e) Amplitude of the isolation ratio and insertion loss
as a function of κ when γ/2pi = 0.2 MHz. (f) Contour lines
extracted from (c) and (d). In the region marked with an
arrow, the insertion loss is less than 4 dB, and the isolation
ratio is larger than 20 dB.
isolation, respectively. In this case, the isolation ratio is
more sensitive to α than β, because the side isolation is
governed by the magnon-like hybridized mode. Similarly,
isolation can be controlled by tuning the coupling rates J
and Γ, as shown in Fig. 4(b) by fixing α/2pi = 1.1 MHz
and β/2pi = 15 MHz. In this case, again, an isolation
ratio above 30 dB can be achieved by adjusting the YIG
position to control the coupling rates.
Finally, we note that for practical applications, another
crucial performance index is the insertion loss (IL.). The
most desirable performance is achieved with a high iso-
lation ratio and low insertion loss, which can be opti-
mized in our system by choosing suitable external damp-
ing rates κ and γ, for the cavity and magnon modes,
respectively. Setting α/2pi = 1.1 MHz, β/2pi = 15 MHz,
and J/2pi = 7.9 MHz, the isolation ratio and insertion
loss as a function of κ and γ are shown in Figs. 4(c) and
(d), respectively. The green dashed curve in Fig. 4(c)
is the contour curve for 20 dB of isolation ratio and the
red dashed curve in Fig. 4(d) is the contour curve for -4
dB of insertion loss. The horizontal lines in Figs. 4(c)
and (d) are re-plotted in Fig. 4(e), showing the general
trade-off between isolation ratio and insertion loss. The
two contour curves in Figs. 4(c) and (d) are re-plotted in
Fig. 4(f), where we can clearly find an optimized region
with small insertion loss (|IL.| < 4 dB) and considerably
large isolation ratio (|Iso.| > 20 dB) simultaneously.
Conclusion.-By designing an open cavity magnonic
system to harness the cooperative effect of coherent and
dissipative magnon-photon couplings, we demonstrate a
new scheme for realizing nonreciprocal microwave trans-
mission in the linear response regime. Zero-damping
conditions for hybridized modes are realized, at which
unidirectional invisibility of microwave propagation is
discovered. These effects are well explained by a model
that takes into account the direction-dependent relative
phase between coherent and dissipative magnon-photon
couplings, which breaks the time-reversal symmetry for
microwave propagation. These nonreciprocal dynamics
have flexible controllability, and enable optimized perfor-
mance with large nonreciprocity and low insertion loss.
The key physics of the interference between coherent
and dissipative couplings is general, and may be applied
to other systems without any external magnetic field,
such as superconducting circuits in which coherent and
dissipative couplings may be implemented and controlled
by coupling the systems to the environment.
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